BACKGROUND. Metastatic prostate cancer is a common and lethal disease for which there are no therapies that produce cures or long-term durable remissions. Clinically relevant preclinical models are needed to increase our understanding of biology of this malignancy and to evaluate new agents that might provide effective treatment. Our objective was to establish and characterize patient-derived xenografts (PDXs) from advanced prostate cancer (PC) for investigation of biology and evaluation of new treatment modalities. METHODS. Samples of advanced PC obtained from primary prostate cancer obtained at surgery or from metastases collected at time of death were implanted into immunocompromised mice to establish PDXs. Established PDXs were propagated in vivo. Genomic, transcriptomic, and STR profiles were generated. Responses to androgen deprivation and docetaxel in vivo were characterized. RESULTS. We established multiple PDXs (LuCaP series), which represent the major genomic and phenotypic features of the disease in humans, including amplification of androgen receptor, PTEN deletion, TP53 deletion and mutation, RB1 loss, TMPRSS2-ERG rearrangements, SPOP mutation, hypermutation due to MSH2/MSH6 genomic aberrations, and BRCA2 loss. The PDX models also exhibit variation in intra-tumoral androgen levels. Our in vivo results show heterogeneity of response to androgen deprivation and This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
INTRODUCTION
Metastatic prostate cancer (mPC) is a deadly disease that is responsible for approximately 27,000 deaths per year in the United States. As most localized PCs are cured by primary intervention, a subset will recur with distant spread, and other men present with de novo mPC, for which there is no curative treatment. Despite initial responses to androgen deprivation therapy (ADT), mPC eventually progresses to metastatic castration-resistant PC (mCRPC) with highly variable responses to second-line androgen receptor (AR) targeted therapeutics, chemotherapy, and other targeted agents [1] [2] [3] [4] [5] [6] [7] . To improve outcomes, more effective therapeutics must be identified and the inter-individual heterogeneity of tumor drivers and mechanisms of resistance to treatments need to be defined and exploited.
Preclinical cancer models have the potential to rapidly advance drug development efforts. However, in vitro models, including cell lines and organoid systems, have well-recognized limitations [8, 9] . In vivo experiments using human tumor cell lines as xenografts are limited by strong selective pressures produced by prior in vitro adaptation to culture conditions, and in many cases correlate poorly with clinical outcome [10, 11] . An alternative approach is developing patient-derived xenografts (PDXs) that are initially established and subsequently passaged in murine hosts. Many PDX models retain key features of patients' tumors such as histologic architecture, genomic signatures, tumor heterogeneity, and in some situations, an influential stromal microenvironment [12] . PDXs have also been shown to more faithfully reflect clinical responses to cancer therapeutics and consequently have the potential to accelerate drug development [13, 14] .
The ability to comprehensively interrogate genomes and gene expression has enabled the underlying genetic drivers of tumor behavior to be integrated with assessments of response and resistance to drugs and to develop biomarkers predictive of treatment outcome [15] . Notably, drug studies involving panels of PDX models have identified molecular characteristics of PDXs that are concordant with responses observed in clinical studies involving the same drug [13] . This work provided a foundation for efforts to generate preclinical data that accurately predicts which drugs and drug combinations should be assessed clinically. As there is substantial molecular heterogeneity in tumors, preclinical models can also serve to provide insights into which tumor subtypes in patients are most likely to respond to a particular therapeutic [16, 17] ; and consequently, inform clinical trial designs where a companion predictive biomarker may be informative.
To realize the full potential of PDX models, it is useful to evaluate therapeutics efficacy across a spectrum of PDXs that reflect the tumor diversity observed in the clinic. However, only a few PC PDX models have been developed. A recent study describing $1,000 PDX models, representing a wide range of human cancers, included no PC PDXs [13] . Moreover, existing PDX repositories (e.g., Jackson Laboratories) contain very few (n ¼ 4) PC PDX models, a number which hardly represent the molecular diversity of human PC.
Our objective was to address a major limitation in the development of effective therapeutics for advanced PC by generating PDX models representing the diverse genotypes and phenotypes found across the spectrum of advanced PC. Here we report the characterization of 21 PC PDXs, designated the LuCaP series. We demonstrate that the LuCaP PDX models exhibit histologies, genetic alterations, and phenotypes concordant with patient specimens, and also recapitulate the heterogeneous responses to standard therapies observed in patients. The LuCaP PC PDX series is a clinically relevant platform to investigate the biology of advanced PC, evaluate therapeutics, and identify biomarkers predictive of treatment responses.
MATERIALS AND METHODS

Acquisition of Prostate Cancer Patient Tissues and PDX Establishment
Patient samples and clinical data abstraction. Tissue collection for research was approved by the University of Washington Human Subjects Division IRB, which approved all Informed Consents that were used for tissue acquisition (IRB #39053). Tumors were acquired from patients who signed informed consent. The vast majority of implanted tissues was from metastatic foci obtained at tissue acquisition necropsy (TAN) in a manner which limited warm ischemic time as much as possible (aiming for 4-8 hr after death) [16] . A few samples were obtained from surgical procedures. Pertinent clinical information was abstracted from the patients' charts, including age, PSA levels, treatments, and treatment responses.
PDX establishment. All animal procedures were approved by UW Institutional Animal Care and Use Committee and according to NIH guidelines. Harvested tumor tissues were evaluated by pathologists, viable tumor tissue was macro dissected to minimize content of stroma, fat, and necrotic tissue. The tumor pieces were then immediately placed in $10 ml of Dulbecco's Phosphate Buffered Saline (DPBS) with 20 mg/ml of Gentamicin for 5 min, rinsed with DPBS and cut into $20 mg pieces (about 3-4 mm per cubed side) for implantation. Tumor bits were implanted subcutaneously in 6-8 weeks old intact male athymic Nu/Nu (NU-Foxn1nu) or CB-17 SCID (CB17/IcrPrkdcscid/IcrCrl) mice (Charles River Laboratory) [18] [19] [20] . Mice were monitored for up to 18 months post implantation for initial growth. Tumors that grew were passaged into new intact male mice. We set three passages as an indication of an established PDX line. Tumor samples were harvested from later passages (>3) and frozen or embedded in paraffin for characterization. LuCaP PDXs are maintained by constant passaging in SCID mice.
LuCaP PDXs Molecular Characterizations
Histopathology and immunohistochemistry (IHC).
Subcutaneous LuCaP PDX tumors were formalin fixed and paraffin embedded. Five-micrometer sections were cut and stained with hematoxylin and eosin (H&E) and results were compared with the originating tissues (as available). One-millimeter tissue cores from two different tumors of each PDX (33 lines) were punched in duplicates and embedded into tissue microarrays (TMA). TMA tissue sections were used for IHC analyses, which was standardized: primary antibodies at 4°C overnight (Table S1) , followed by appropriate biotinylated secondary antibody (1:150), ABC reagent (Vector Laboratories), and DAB (Invitrogen). Mouse or rabbit normal IgG were used as negative controls, respectively. Immunoreactivity was typically assessed using a compositional scoring system-the multiplicand of each intensity level ("0" for no reaction product, "1" for faint and fine brown chromogen, and "2" for clear and coarse granular chromogen) by percentage of cells at each intensity. The final score was the sum of multiplicands. The distribution of final scores was grouped as "negligible" (score range: <3), "weak" (score range: 3-99), "moderate" (score range: 100-149), and "intense" (score range: 150-200) [21] .
Single tandem repeat (STR) signatures. The STR signature was used to determine the unique identity of individual PDX line and to assure the identity and maintenance of the PDX lines (General Genetics Corporation). The STR analyses are repeated about every fifth to tenth passage, depending on growth rate of the PDXs.
RNA isolation and qRT-PCR. RNA isolated from subcutaneous tumors was used for qPCR analysis to evaluate expression levels of AR and ARV7, and RPL13a using Applied Biosystems 7,900 sequence detector as described previously [22] (Table S2 ). Two to three samples per PDX were used and reactions were run in triplicates. Expression levels were normalized to RPL13a.
Genomic analysis of DNA copy number. Genomic DNA was extracted from subcutaneous tumors using DNeasy Blood & Tissue Kit (Qiagen) and labeled with the Agilent Genomic DNA Enzymatic Labeling Kit (Cy3-dUTP). A pool of reference normal DNA (Promega) was labeled with Cy5-dUTP. Cy3 and Cy5 probes were combined and hybridized to Agilent 2 Â 400 K SurePrint G3 CGH Microarrays following the manufacturer's specifications [23] .
Genome-wide gene expression analyses. To evaluate gene expression, total RNA was extracted from subcutaneous PDX tissues as described above and Agilent array analysis was done as described previously using one tumor per PDX [24] .
AR sequencing. Genomic DNA was extracted from subcutaneous PDXs and PCR amplified. AR primer sequences are listed in Intra-tumoral Testosterone (T) and Dihydrotestosterone (DHT) measurements. Subcutaneous PDX tumors (30-100 mg) were used for T and DHT analyses using described LC-MS methodology [25] . Two or three tumors were used per PDX.
LuCaP PDX In Vivo Characterization
Responses to castration and docetaxel. Eighty intact male mice (CB-17 SCID, Charles River Laboratory) were implanted subcutaneously with tumor bits. When tumors exceeded $100 mm 3 animals were enrolled in groups: group 1: intact male mice; group 2: castration; group 3: low dose docetaxel (5 mg/kg or 10 mg/kg docetaxel via intraperitoneal injection (IP) every other week (EOW)); and group 4: high dose of docetaxel (20 mg/kg docetaxel via IP once a week (QW)). To characterize docetaxel responses of the castration-resistant (CR) PDXs, tumor bits were implanted into castrated male SCID mice; group 1: castrated control; and group 2: high dose docetaxel (20 mg/kg docetaxel via IP QW). Tumor volume (TV) and body weight (BW) were measured once a week. Blood was collected every other week for determination of serum PSA levels (Total PSA Assay, Architect, Abbott Laboratories). Animals were sacrificed when tumors exceeded 1,000 mm 3 or if animals became compromised.
Establishment of CR PDX sublines. A sample of a tumor that regrew after castration (one tumor per line from group two above for each line) was harvested and immediately transplanted into castrated male SCID mice. These PDX lines are passaged in castrated male mice and designated with "CR" after the name of the parental lines and passaged in castrated hosts.
Bone response. Subcutaneous LuCaP PDX tumors were dissociated to a single-cell suspension and injected into tibiae of intact male SCID Beige mice (CB17.Cg-Prkdc scid Lyst bg-J /Crl, 4-6 weeks of age, Charles River Laboratories) as described previously [26] . Intra-tibial tumor growth was monitored by serum PSA levels where appropriate and by radiographs (MX-20, Faxitron X-ray Co.). Animals were followed for up to 5 months. Tumored tibiae were harvested at sacrifice, decalcified by EDTA (10% for 1-2 weeks) and embedded in paraffin for Goldner staining to evaluate bone response, as described [27] .
Statistical Analyses
Statistical comparisons were made with GraphPad Prism software. All P values are two-sided. P values less than 0.05 were considered significant. Association of gene transcript with genomic copy number was tested by pairwise t-test to WT group using the pairwise t-test function in R.
RESULTS
General Characteristics of the LuCaP PDXs
Establishment of the LuCaP PC PDX series. During the period of 1991-2005, we collected 261 PC samples from 156 patients and implanted them subcutaneously into immunodeficient male mice. Of these, 26 were successfully propagated beyond three passages for an overall take rate of $10% (Table I) . Five of the PC PDX lines did not survive past passage five and were not further characterized. Ten of the stable PC PDXs were established from primary PC or PC metastases obtained from the operating room (OR). Eleven were established from mCRPC samples obtained through a tissue acquisition necropsy. In our series, we did not observe any consistent differences in the establishment rates of lines from metastases compared to primary tumors or from tumors acquired from the OR versus those obtain at TAN. We also did not observe any association of take rates with a specific metastatic site or time from death to implantation, though the low rate of establishing PC PDXs precludes a systematic analysis. Collectively, the 21 PC PDX models, designated the LuCaP PC PDX series, represent a spectrum of metastatic sites, histologies, and prior exposures to a variety of therapeutics used in the treatment of men with advanced PC (Tables II and III) . Growth characteristics of LuCaP PDXs. Establishment of PC PDXs is known to be difficult with a low take rate and long time to initial growth. In our series we achieved approximately 10% establishment rate of stable PC PDXs with the time to initial growth from four up to over 12 months. After the initial growth, the LuCaP PDXs are passaged in mice. The established LuCaP PDXs have differential growth characteristics: take rates of secondary passages ranges from 50% to 80%; with the exception of LuCaP 92, which has a very low take rate (10-30%). The time from implantation to initial growth of secondary passages ($ 50 mg) ranges from 6 to 36 weeks. The time from the initial growth to $1,000 mg ranges from 4 to 16 weeks. It is important to note that the LuCaP PDXs are biologically heterogeneous; the PDXs vary in take rates and time to initial growth between the sequential passages, and even exhibit variability in growth characteristics of PDXs grown from the same tumor donor.
Establishment of castration-resistant PDXs. While a majority of the PC patients from which the LuCaP PDX lines were derived received ADT and progressed to CRPC, several of the PDXs implanted in intact male mice responded to castration with tumor regression. This response may be attributed to the lower androgenic conditions in castrate mice compared to humans [28] . Tumors that regrew after castration were harvested and re-implanted into castrated male mice to establish castration-resistant (CR) sublines. Twelve CR PDXs were established and are continually propagated in castrated hosts (Table II) .
Fidelity of PDXs to the source tumor. PC is a heterogeneous disease with multiple morphological patterns, and the LuCaP PDXs exhibit diverse histological features that recapitulate the histologies observed in the patients' source tumors. For example, LuCaP 86.2 and LuCaP 96 are well-differentiated adenocarcinomas, LuCaP 147 is a poorly differentiated adenocarcinoma, and LuCaP 145.1 is a neuroendocrine carcinoma, as are the respective originating tumors. Immunohistochemical profiles are also generally maintained in the LuCaP PDXs (Fig. 1) . Rarely did we observe significant alteration of protein expression during passaging of LuCaP PDXs. One such example is ERG expression in later passages of LuCaP 86.2, while the first four passages and the originating metastasis were ERG negative. However, the vast majority of protein expression levels were concordant and relatively stable across multiple passages of each line.
STR profile. To ensure the originality and maintenance of genotype of each line we perform STR analyses of the PDXs and each line has a specific STR profile (Table S3 ) that is checked every 5-10 passages. CR lines show the same STR profile as the parenting androgen-sensitive lines (data not shown).
Molecular Characteristics of the LuCaP PDXs
Genomic alterations. Multiple recurrent chromosomal alterations occur in mCRPC [16, 29, 30] . We assessed genomic alterations in the LuCaP PDXs by array comparative genomic hybridization (CGH). The chromosomal alterations in LuCaP PDXs are concordant with those commonly found in CRPC patient metastases ( Fig. 2A and B) . Recurrent events include AR amplification (8/21; 38%), PTEN loss (8/21 heterozygous loss; 4/21 homozygous loss; overall 57%), RB1 loss (10/21 heterozygous loss; 6/21 homozygous loss; overall 76%), and TMPRSS2-ERG rearrangement (10/21; 48%). In the experimentally derived CR sublines, the genomic aberrations are generally concordant with the original PDX with a few exceptions including AR amplification following castration in five lines (Fig. 2B) . Furthermore, our characterization data also show that three models have a hypermutated phenotype with microsatellite instability and mismatch repair enzyme mutations [31] . In some instances, we were able to establish multiple PDXs from the same patient but from different metastases. LuCaP 23.1 originated from a lymph node metastasis and LuCaP 23.12 from a different lymph node metastasis of the same patient. Similarly LuCaP 145.1 originated from a liver metastasis and LuCaP 145.2 from a lymph node metastasis of the same patient. These two sets of PDX models demonstrated numerous concordant genomic aberrations but also a degree of diversity (Fig. 2B ). Differential characteristics of the PDXs from the same patient demonstrate the heterogeneity of PC metastases within a single patient.
AR expression and activity. AR is a key transcription factor in PC biology and progression. Seventeen of the original 21 LuCaP PDXs are adenocarcinomas that express AR and exhibit AR-transcriptional activity based on the expression of AR-regulated genes and proteins including PSA. Four of the LuCaP PDXs are NE PC which express synaptophysin, but lack AR and PSA (Fig. 2C) . AR transcript quantification. AR mRNA amounts vary substantially across the adenocarcinoma LuCaP PDXs (Fig. 3B) . While the neuroendocrine PDXs do not express AR transcripts (Fig. 3B) . Our results also demonstrate upregulation of AR mRNA in CR PDX, with 2-11 fold increases in matched CR PDXs and their original androgen-dependent (AD) lines. LuCaP 86.2 PDX is a notable exception-with no increase in AR mRNA in the CR subline. This might be due to expression of ARV 567 , negating the requirement for increased wild type AR to maintain the AR transcriptional activity at low androgen levels [34] .
AR mutations. Mutations in the AR
AR transcript splice variants. One of the mechanisms of resistance to primary and secondary ADT is increased expression of spliced variants of AR that are constitutively active. To date, multiple AR transcript splice variants (ARVs) have been reported, most with loss of the ligand-binding domain. Clinical data indicate that several ARVs, most prominently, ARV7, are associated with resistance to primary and secondary ADT [35, 36] . When comparing ARV7 expression in the adenocarcinoma PDXs we found a 200-fold difference in ARV7 transcript levels with lowest ARV7 in LuCaP 73, and high levels in LuCaP 141. Our analyses also clearly show the increased expression of ARV7 in CR disease; all CR sublines of the LuCaP PDXs except one (LuCaP 81CR) had higher levels of ARV7 ranging from 1.2-to 43-fold increase in paired CR sublines (Fig. 3C) . In addition to ARV7, we have also shown that LuCaP 86.2 expresses ARV 567 another constitutively active AR variant [34] . Fig. 3 . AR expression, and intra-tumoral androgens. (A and B) AR and ARV7 Expression. RNA was isolated from subcutaneous tumors (n ¼ 2-3 per model). AR and ARV7 mRNA levels were normalized to RPL13a and expressed relative to the LuCaP 73 value using DDCT method. LuCaP 73 value was arbitrarily assigned an abundance value of 1. (C) T and DHT levels were determined in tumors using LC-MS (n ¼ 2-3 per PDX). The mean AE SEM are plotted.
Ã P < 0.01; # P < 0.05. LB, ligand binding domain; NT, N-terminus; AD, androgen dependent; NE, neuroendocrine.
Intra-tumoral androgens. The extragonadal synthesis of androgens within PC cells, either de novo or using adrenal androgen precursors promotes survival and growth of PC following ADT [37] . We measured intratumoral T and DHT in several parental LuCaP PDX lines grown in intact male mice and in tumors that regrew after castration. Intra-tumoral levels of T ranged from 0.14 to 11 pg/mg in tumors prior to castration and dropped after castration in all models (range 35-90% decrease). Intra-tumoral levels of DHT ranged from 0.1-3 pg/mg in PDX tumors from intact mice. However, in contrast to T, concentrations of DHT increased in several of the PDXs that regrew after castration while decreasing in others (Table IV) . Our data also show that T and DHT levels are substantially lower in the NE PDXs and LuCaP 86.2 than in the other adenocarcinoma PDXs, suggesting either that the intra-tumoral synthesis is not active in the PDXs that are not responsive to ADT or, alternatively, that androgens are not retained in the tumors that do not express AR or express mainly AR variant that lacks ligand binding domain.
Molecular fidelity during long-term passaging.
Early passages of PDX lines are thought to be the most similar to the originating tumors and are considered the best models of the human disease. However, it has been challenging to re-establish the growth of LuCaP PDXs after cryopreservation, nor do these models grow readily in vitro. Therefore, the LuCaP PDXs are maintained by continuous growth in mice. The current passages of the LuCaP PDXs are in a relatively high range (10-150 passages; Table II) . Therefore, we assessed the effects of long-term passaging on the models. Genome-wide gene expression analyses showed clustering of the early and late passages of each individual LuCaP PDX, indicating maintenance of the general phenotypes of each PDX during prolonged growth in mice (Fig. S1A) . If the murine environment substantially influenced the PDX phenotype over time, one may expect to see clustering of early passages of the PDXs versus late passages. Though other investigators found a higher content of murine tissue-derived transcripts in later PDX passages [13] , we did not observe a significant change.
Transcriptome and whole exome sequencing analyses. We assessed the gene expression program of each PDX by genome-wide microarray hybridization (GSE66187). We also evaluated concordance between the transcriptomic and genomic data for well described PC associated genes of interest. We observed significant associations between copy number alteration and gene transcript levels (Fig. S1B) . We have previously reported the spectrum of DNA mutations in the LuCaP PDX series using whole exome sequencing [38] (http://trace.ncbi.nlm.nih. gov/Traces/sra/?study = SRP008162).
LuCaP PDX Responses to the Therapeutics
Responses to ADT. Since the first line of therapy for advanced and recurrent PC is ADT, we evaluated LuCaP PDX responses to castration. While most patients respond well to primary ADT, a subset exhibit only transient remissions or no response. Collectively, the LuCaP PDXs also exhibited variable outcomes following ADT from complete tumor regression to overt tumor progression (Fig. 4 and Table II) . Notably, variable responses to castration were detected even between animals bearing the same PDX, most probably related to cellular heterogeneity and stroma content, (Fig. 4B) . This is an important issue to address when designing preclinical studies with a single PDX in order to power the study appropriately accounting for variable responses. In the clinical setting serum PSA levels are used to evaluate patient responses to therapy. In the assessments of PDX responses to ADT, serum PSA closely followed changes in TV after castration; again with variability between and within PDX lines (Fig. 4C) . Similar to clinical observations, the majority of tumors adapt to castrate conditions and eventually regrow as CR disease. Overall, ADT results in survival benefits of adenocarcinoma PDX models that ranged from Fig. 4D and data not shown) . Using the expression array results we queried association of AR expression and AR-activity with responses to castration. The CR PDXs tend to have higher levels of AR mRNA, which is concordant with increased AR copy number in these lines, but weaker AR-signaling activity when compared to the adenocarcinomas grown in intact male mice (Fig. S1C) . There was no significant association of responses to castration with AR expression or AR signaling activity. Trend toward a negative association was detected between intra-tumoral T levels and response to castration (R ¼ À0.68, P ¼ 0.063) indicating the involvement of intra-tumoral T synthesis in response to castration.
Responses to docetaxel. Docetaxel was the first chemotherapy shown to extend survival in men with mCRPC and remains in widespread use [7] . As with ADT, the duration of clinical responses to docetaxel vary substantially. We evaluated responses of LuCaP PDX lines to low dose and high dose docetaxel. In the majority of LuCaP PDX lines high dose docetaxel suppressed tumor growth and resulted in survival benefits though, as in patients, the improvement of survival varied widely. Of interest, docetaxel treatment reduced the survival of mice implanted with several PDX lines, notably LuCaP 35, because of significant decreases in body weight, despite the inhibition of tumor progression ( Fig. 5 and Table II) . Since the animals bearing these tumors were treated with the same dose and regimen as animals bearing other PDX tumors where survival improvements were observed, BW loss is not simply a negative side effect of docetaxel, but is a consequence of specific interactions between tumor, chemotherapy, and effects on the host. The low dose of docetaxel showed efficacy only in LuCaP 86.2 (data not shown), reflecting a rare exceptional responder to docetaxel [39] .
Though docetaxel chemotherapy has been used primarily in mCRPC, the use of docetaxel earlier in treatment has been reported to produce survival benefits when given concurrently with initial ADT [40] . Based on the efficacy of docetaxel in PC before it develops castration-resistance, we compared docetaxel effects on the progression of androgen-sensitive and castration-resistant PDX pairs. We observed more pronounced inhibition of tumors growing in intact male mice versus their CR sublines (Fig. 6 ) supporting the potential benefits of a docetaxel treatment prior to the development of CRPC. Analyses of tissues from these studies may provide insights into the greater benefit of using docetaxel in androgen-sensitive tumors.
Characterization of bone responses to prostate cancer. The second most common site of PC dissemination is bone, and bone metastases are a source of significant morbidity. To effectively treat bone metastases, it is important to better understand interactions of PC cells and the bone microenvironment. Unfortunately most PC models, including the LuCaP PDXs, do not spontaneously metastasize to bone from subcutaneous tumors and even in the few cases where we evaluated tumor cell dissemination after orthotopic implantation we did not identify bone metastases [41] . To specifically assess tumor cell and bone microenvironment interactions, we directly injected tumor cells from LuCaP PDXs into murine tibia and followed tumor development and bone responses [26] . Of the 25 lines studied, 21 were able to proliferate to some extent in bone, but the take rates were highly variable ranging from 10% for LuCaP 145.2% to 80% for LuCaP 58. As in the clinical scenario, the bone responses were osteoblastic, mixed, and/or osteolytic (Table II) . Importantly nine of the lines elicited a pronounced osteoblastic response (Fig. 7) . Interestingly, the PDXs established from bone metastases did not show better take rates or growth in the bone versus the PDXs derived from soft tissue metastases. The most pronounced osteoblastic reaction was elicited by LuCaP 23.1, which originated from a lymph node metastasis. Detailed characteristics of the highly osteoblastic response to LuCaP 23.1 and the mixed/osteolytic/osteoblastic reaction to LuCaP 35 in bone was published previously [26] .
DISCUSSION
PC is a heterogeneous disease with variation in gene expression, structural genomic aberrations, epigenetic states, predilection for metastatic spread, and responses to therapeutics. We have established a series of PC PDXs that reflect key molecular features and clinical phenotypes observed in human disease [31, 38, 42] , including AR amplification, expression of AR splice variants, PTEN and RB1 loss, TP53 mutation, TMPRSS2-ERG rearrangements, hypermutation, NE differentiation, intra-tumoral T and DHT synthesis, and variable responses to ADT and docetaxel chemotherapy.
The paucity of PC PDX models clearly reflects the difficulties with xenografting prostatic tissues. To establish a PC PDX, the most critical step is access to tissues of good quality and viability. While primary PC is relatively easy to obtain in view of the frequency of prostate biopsy and radical prostatectomy procedures, metastases of CRPC are difficult to obtain, and, when acquired, are often of limited quantity. Our success in establishing mCRPC LuCaP PDXs is based on taking advantage of a robust tissue procurement program that acquires metastatic tissues through a TAN protocol [43, 44] . The second critical step is the successful engraftment of tissues into suitable recipient animals. Several technical improvements to the xenografting protocol have improved PC take rates, including the use of murine hosts with more compromised immune systems, subrenal implantation, recombination of tissues with mesenchyme, and supplementation with T. Despite these advances, PC tissue is still challenging to establish as a PDX.
We and other investigators, and pharmaceutical companies have used the LuCaP PDX models to investigate fundamental features of PC biology and to evaluate therapeutic agents designed to treat PC. Results of these studies clearly indicate relevance of these models for identifying therapeutic targets and conducting early-phase research that support further clinical evaluations (Supplemental references). To date, the vast majority of our studies have evaluated a small number of PDX models, generally matching a particular tumor characteristic with a drug mechanism of action, rather than assessing responses across all available models. However, we have characterized all lines with respect to the two most commonly employed standard of care therapies for PC: ADT and docetaxel. We observed a wide-range of responses to these modalities, as also occurs in men with PC. Notably, results of studies using LuCaP PDXs identified AR amplification/activity as an important mechanism of resistance to ADT [45] , supporting the use of enzalutamide (now FDA-approved for men with mCRPC) [45, 46] , and also identified AR splice variants as an important mechanism of resistance to ADT [34, 47] which supported the development of new AR N-terminal antagonists [48] .
In the context of translational research, PDX models can be used in the drug development pipeline using a PDX Clinical Trials (PCT) approach. This strategy uses multiple PDXs with different characteristics, which reflects a traditional phase II clinical trial without pre-selection for a particular tumor characteristic. A major limitation hindering the more widespread adoption of PCT centers on the limited number of PDX models. This is particularly true for PC. This limitation severely curtails the opportunities afforded by PDX clinical trials in advancing novel drugs and drug combinations into the clinic, and particularly identifying an individual molecular vulnerability which could be exploited by enriching a trial population and developing a companion predictive biomarker. The existing LuCaP PDX series provides opportunities for conducting PC PCTs. To enhance such studies, we continue our efforts to generate additional mCRPC PDXs that (i) use tumors that were exposed to new FDA approved agents; (ii) exhibit both recurrent and rare molecular aberrations in AR-driven mCRPC; and (iii) include the new emerging phenotype/genotype of AR-null PC aggressive variant PC.
CONCLUSIONS
In this article, we present characterization data of multiple advanced prostate cancer PDXs, designated the LuCaP series, that maintain biological characteristics of the originating tumor including genomic and phenotypic features. Our in vivo results also show that the LuCaP series of PDXs recapitulate well the heterogeneous character of the advanced PC in patients and responses to standard-of-care treatments, that is, androgen deprivation and cytotoxic chemotherapy. Collectively, the LuCaP PDX series reflects the diverse molecular composition of human CRPC and allows for hypothesis-driven cause-and-effect studies of mechanisms underlying treatment response and resistance.
